Introduction {#Sec1}
============

The development of tumor metastasis is a complex cascade of events \[[@CR1]\]. Potentially, metastatic cells have to exit the primary tumor site by loosening cell to cell contact, adhering to and degrading extracellular matrix (ECM), migrating through the subendothelial basement membrane of local post-capillary veins and lymphatic vessels and intravasating. Once in circulation, tumor cells face severe mechanical and immunosurveillance challenges. Surviving cells can arrest in the peripheral capillary bed of a distant organ, adhere to the subendothelial basement membrane, extravasate, adhere and migrate through the ECM, and form a colony at the new metastatic site. Further induction of neoangiogenesis must occur to assure continuous growth \[[@CR1]\].

An expending amount of data reveals the importance of an inflammatory microenvironment and stroma in cancer initiation and progression, which brings new directions and approaches to cancer treatment \[[@CR2]--[@CR8]\]. Genetic and functional experiments indicated that inflammatory cells such as tumor-infiltrating monocytes/macrophages, neutrophils, mast cells, eosinophils and activated T and B lymphocytes, as well as stromal fibroblasts contribute to malignancies by releasing growth and survival factors, as well as extracellular proteases, and other proangiogenic factors \[[@CR2]--[@CR7]\]. Melanoma, as with all other cancers, is comprised of a group of heterogeneous cells that co-exist and interact with an infrastructure of other cells (keratinocytes, fibroblasts, endothelial cells, inflammatory cells) and extracellular matrix components (laminin, collagen), growth factors (vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), thrombin), as well as proteases and interleukins involved in invasion (matrix metalloproteinases (MMPs), interleukin-8 (IL-8), urokinase-type plasminogen activator) \[[@CR9]--[@CR11]\]. As described by Haass and Herlyn \[[@CR9]\], alterations in keratinocyte-mediated contact growth inhibition in the skin may drive the malignant transformation of melanocytes. Keratinocytes that are activated by ultraviolet (UV) for example, release interleukins 1, 3, 6 and 8, secrete tumor necrosis factor-α (TNF-α), granulocyte-macrophage colony-stimulating factor, and generate the proinflammatory biolipid platelet-activating factor (PAF), contributing to melanoma development and progression \[[@CR12]--[@CR16]\]. Within the tumor microenvironment, a rapid proliferation of fibroblasts, whose role has been neglected previously, is supported by platelet-derived growth factor (PDGF), bFGF and transforming growth factor-β (TGF-β) produced by melanoma as well as inflammatory cells \[[@CR10], [@CR17]\]. In turn, fibroblasts produce a series of growth factors such as insulin-like growth factor-1, hepatocyte growth factor (HGF)/scatter factor, bFGF, and TGF-β that further support the growth and proliferation of melanoma cells \[[@CR10], [@CR17]\]. Recently, fibroblasts have been shown to remodel the matrix and form "tracks" creating a leading edge for tumor cells invasion \[[@CR18]\]. Strong association has been shown between the recruitment of Tie-2 (an angiopoietin receptor)-expressing monocytes and tumor angiogenesis, and between MMP-9-secreting tumor associated macrophages and tumor cell invasion \[[@CR18]--[@CR21]\]. In addition, platelets and molecular components of the coagulation system and platelet activation pathways have been emerging as critical players of tumor growth and metastasis \[[@CR22]--[@CR24]\]. Overall, it is now believed that cancer cells initiate a pathological cycle, whereby through the constitutive activity of major inflammatory signaling pathways such as nuclear factor-κB (NF-κB), signal transducer and activator of transcription 3 (STAT3) and cyclooxygenases-2 (COX-2)-driven lipid metabolism, they trigger the recruitment and activation of the inflammatory cells, stroma and platelets \[[@CR3]--[@CR5], [@CR25]--[@CR29]\]. In turn, cells within the tumor microenvironment produce inflammatory mediators and angiogenic factors or adhesion-stimulating factors to further amplify the metastatic phenotype \[[@CR3]--[@CR5], [@CR25]--[@CR29]\].

The progression of melanoma from radial growth phase to vertical growth phase and metastatic dissemination are accompanied by multiple molecular changes \[[@CR30]\]. This review will focus on the role of molecular intermediates of the coagulation and platelet activation pathways in tumor metastasis. Specifically, we will focus on the thrombin receptor protease-activated receptor (PAR-1) and the platelet-activating factor receptor (PAFR). We will provide evidence for sensitization of metastatic melanoma cells to the stimulatory effects of thrombin and PAF.

Role of Coagulation and Platelet Activation in Tumor Growth and Metastasis {#Sec2}
==========================================================================

Tumor cells produce and activate the components of the coagulation/platelet activation pathways---thrombin, tissue factor, fibrinogen, von Willebrand factor (VWF) and PAF \[[@CR23], [@CR31], [@CR32]\]. Thrombin is an essential component of the tumor microenvironment already present at the primary tumor site because of the leaky nature of the tumor vasculature. There, the migration of tumor cells into the vasculature is stimulated by thrombin, which is induced by tissue factor on the surface of most tumor cells \[[@CR23]\].

Tumor--host cell interaction becomes vital for the survival of potentially metastatic cells during vascular dissemination. In the circulation, thrombin and other tumor-secreted agents activate endothelial cells to express P-selectin on their surface. P-selectin binds weakly to tumor cells containing the P-selectin ligand receptor. Weakly activated platelets also bind tumor cells via P-selectins. This induces weak tethering of tumor to the endothelium and platelets \[[@CR23], [@CR31]--[@CR34]\]. A tighter combination of platelets and tumor cells develops, which produces thrombin at a more rapid rate, since platelets provide a catalytic surface for thrombin generation from coagulant proteins. This leads to a firm bond between platelets and tumor cells, mediated by platelet integrin IIb--IIIa binding to tumor integrins via VWF, fibronectin, and other RGDS-domain containing ligands \[[@CR23]\]. Platelet activation also leads to angiogenesis via thrombin-stimulated synthesis and secretion of VEGF and growth related oncogene-α from tumor cells, as well as release of PDGF, VEGF, and angiopoietin-1 from platelets, and increased angiopoietin-2 and kinase insert-domain-containing receptor in endothelial cells \[[@CR35]--[@CR37]\]. In addition, stimulated platelets are an important source of growth and angiogenesis-inducing biolipids lysophosphatidic acid and PAF \[[@CR38]\]. Besides mediating adhesion to endothelial cells and development of collateral vessels, platelet-tumor aggregates protect tumor cells from natural killer cells \[[@CR39]\]. These aggregates further embolize, leading to ischemia and endothelial cell denudation \[[@CR23]\]. As a result, tumor cells and platelets bind more avidly to the subendothelial basement membrane and matrix. Finally, tumor emboli lead to tumor extravasation into the parenchyma and neoangiogenesis \[[@CR23]\].

Thrombin is also a prominent angiogenic factor. It promotes endothelial cell alignment in Matrigel *in vitro* and angiogenesis *in vivo* \[[@CR40]\]. It induces the differentiation of endothelial cells into capillary structures on Matrigel and increases endothelial cell migration \[[@CR40]\].

The Role of PAR-1 in Tumor Growth and Metastasis {#Sec3}
================================================

Thrombin not only stimulates platelets and induces angiogenesis, it also directly activates tumor cells through the activity of its receptor PAR-1. The thrombin receptor is a seven transmembrane-spanning G-protein coupled receptor. Unlike typical ligand receptor interactions, thrombin does not activate PAR-1 upon binding. Rather, it cleaves the N-terminus of PAR-1 at serine 42. Upon cleavage, the new amino terminal peptide acts as a tethered ligand that will now bind to the body of the receptor thereby causing cell signaling via G-proteins. As mentioned above, in order to activate thrombin, melanoma and other tumor cells constitutively express tissue factor (TF) \[[@CR31], [@CR32]\]. The hypoxic tumor microenvironment also induces TF expression by endothelial cells, tumor associated macrophages and myofibroblasts thereby also augmenting thrombin production in the tumor microenvironment \[[@CR41]\]. PAR-1 can also be activated by ligands other than thrombin such as factor Xa, granzyme A, trypsin and plasmin \[[@CR33], [@CR42], [@CR43]\]. It has also been reported recently that PAR-1 in breast cancer cells can be proteolytically cleaved and activated by MMP-1 \[[@CR44]\].

In tumor cells, PAR-1 stimulates expression of adhesion molecules such as integrins αIIbβ3, αvβ5, and αvβ3 \[[@CR45]--[@CR47]\]. Indeed, thrombin-treated melanoma cells enhance their adhesion to platelets and fibronectin *in vitro* \[[@CR48]\]. In various types of cells, including vascular endothelial cells, PAR-1 activation results in upregulation of gene products involved in invasion (MMP-2) \[[@CR49]\], and angiogenesis (IL-8, VEGF, bFGF, PDGF) \[[@CR50]--[@CR53]\]. In human melanoma cells, thrombin acts as a growth factor and is mitogenic \[[@CR32]\]. Overall, thrombin and PAR-1 contribute to the acquisition of the metastatic phenotype of melanoma by facilitating tumor invasion and metastasis through the induction of cell adhesion molecules, matrix degrading proteases, and stimulating the secretion of angiogenic factors into the melanoma tumor microenvironment (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Schematic representation of molecules involved in cell invasion and angiogenesis via activation of PAR-1 which is overexpressed in metastatic melanoma cells. Thrombin from the microenvironment cleaves the N-terminus of PAR-1 to activate the receptor. The tumor-promoting signals transduced by PAR-1 through G-proteins upregulate molecules involved in angiogenesis and invasion

Our tissue analysis from patients demonstrated that PAR-1 is overexpressed predominantly in malignant melanoma tumors and in metastatic lesions as compared to common melanocytic nevi and normal skin \[[@CR54]\]. Furthermore, a significantly higher percentage of PAR-1 positive cells was found in metastatic melanoma specimens as compared to both dysplastic nevi and primary melanoma specimens \[[@CR55]\]. In addition to melanoma, overexpression of PAR-1 has been observed in a variety of human cancers such as breast, lung, colon, pancreatic and prostate \[[@CR44], [@CR56]--[@CR59]\]. We further demonstrated that PAR-1 is overexpressed in highly metastatic melanoma cell lines as compared to non-metastatic ones \[[@CR34], [@CR60]\]. We found that the overexpression of PAR-1 in the highly invasive and aggressive melanoma cell lines correlates with the loss of the activator protein-2α (AP-2α) transcription factor, which is a crucial event in the progression of human melanoma \[[@CR60]\]. An inverse correlation between AP-2α and PAR-1 expression was also established using a "progressive" melanoma tissue microarray \[[@CR55]\].

The Role of PAFR in Melanoma Progression {#Sec4}
========================================

Activated platelets release another proangiogenic biolipid-platelet-activating factor. PAF is a potent proinflammatory mediator and the first bioactive lipid ever identified \[[@CR61]--[@CR64]\]. PAF may be produced from the 1-*O*-alkyl-2-arachidonoyl-*sn*-glycero-3-phosphocholine via enzymatic hydrolysis catalyzed by phospholipase A~2~ \[[@CR65]--[@CR69]\]. In a parallel process, the arachidonic acid released in the first reaction is further converted by the COX-2 enzyme to form the precursor of prostanoids. PAF acts through the specific seven transmembrane-spanning G-protein-coupled receptor PAFR \[[@CR70]--[@CR72]\].

Studies on inflammatory cells, endothelial cells, keratinocytes, and various other types of cells demonstrated that a long lasting consequence of transient stimulation with highly unstable PAF and PAF-like biolipids is the expression of inflammatory cytokines and mediators such as IL-6, IL-8, IL-10, COX-2, VEGF and inducible nitric oxide synthase (Table [1](#Tab1){ref-type="table"}) \[[@CR24]--[@CR26]\]. An essential role of PAF as a second messenger in endothelial and inflammatory cells was further established following the findings that lipopolysaccharide-, IL-1- and TNF-α- induced activation of NF-κB is a PAF-dependent process \[[@CR27]\]. Table 1Role of PAF in the biology of various cellsCell typeFunction*Platelets*Secrete PAF upon activation with thrombinPAF induces aggregation and secretion of serotonin and histamine*Neutrophils*Secrete PAF upon activationPAF induces chemotaxis, production of ROS and TNF-a andRolling and adhesion on endothelial cells*Macrophages*Secrete PAF upon activationPAF primes tissue-fixed macrophages for activation with inflammatory mediatorsPAF induces production of angiogenic factors VEGF, bFGF, TNFα and IL-1β*Endothelial cells*Produce PAFPAF mediates bFGF-induced proliferation via Src-JAK2-STAT3 pathwayPAF induces migration and formation of focal adhesions via activation of Src kinase, STAT-3 and FAKPAF induces production of TNFα and IL-1α, bFGF, VEGF and COX-2*Keratinocytes*Secrete PAF and PAF-like substances upon irradiation with UVPAF induces expression of COX-2, IL-6 and IL-8*Fibroblasts*PAF induces proliferationPlatelets, inflammatory cells, vascular endothelial cells, keratinocytes and fibroblasts produce PAF and respond to PAF. In response to thrombin, platelets secrete the pre-stored PAF. In neutrophils, PAF mediates chemotaxis, rolling and adhesion on endothelial cells, and production of reactive oxygen species and TNF-α. In macrophages, it mediates production of angiogenic factors. In endothelial cells, PAF can directly induce or be a second messenger in growth factor- or cytokine-induced proliferation and migration. PAF also mediates the production of TNF-α, IL-1α, bFGF, VEGF and COX-2 in endothelial cells. Keratinocytes produce PAF when irradiated with UV, and respond to PAF by induction of COX-2, IL-6 and IL-8. PAF further mediates the proliferation in fibroblasts

PAF and Angiogenesis {#Sec5}
--------------------

PAF is a potent mediator of tumor neoangiogenesis \[[@CR73]--[@CR79]\]. Numerous reports showed that PAF can activate endothelial cells directly, as well as mediate angiogenesis induced by other angiogenic factors \[[@CR74], [@CR80]\]. Camussi's group demonstrated that PAF produced by breast or Kaposi's sarcoma cancer cells induces and sustains the *in vivo* neoangiogenesis in experimental tumor models \[[@CR80], [@CR81]\]. Robert and Hunt \[[@CR79]\] has demonstrated the effectiveness of PAF antagonists in the inhibition of angiogenesis in prostate cancer xenografts. The same group showed that PAF induces activation of matrix metalloproteinase-2 activity and vascular endothelial cell invasion and migration \[[@CR82]\]. They further found that bFGF stimulated PAF-dependent proliferation in human umbilical vein endothelial cells (HUVEC) \[[@CR83]\]. HGF and TNF-α both induce angiogenesis through mechanisms that involve the production of PAF \[[@CR75], [@CR77], [@CR78]\]. Montrucchio et al. \[[@CR77]\] demonstrated that nitric oxide mediates the angiogenesis induced by PAF or TNF, the latter itself being dependent on the production of PAF. Brizzi et al. \[[@CR73]\] showed that HUVECs express the thrombopoietin receptor, which activates cell migration *in vitro* and angiogenesis *in vivo*; these effects were mediated by PAF- and IL-8-dependent phosphorylation of STAT1 and STAT5B. Furthermore, it was found that vascular permeability induced by VEGF was mediated by PAF \[[@CR84]\]. In HUVECs, both VEGF-induced P-selectin translocation and subsequent neutrophil adhesion requires PAF synthesis \[[@CR85]\]. Moreover, angiopoietin-1, and -2 stimulate PAF synthesis \[[@CR86]\].

PAF and PAF Receptor in Melanoma {#Sec6}
--------------------------------

The first demonstration of the role of PAF in melanoma metastasis was made in 1996 by Im et al. \[[@CR87]\]. They found that IL-1α and TNF-α-induced increase in experimental pulmonary metastasis produced by the B16F10 murine melanoma cells in C57Bl/6 mice was augmented by a single intraperitoneal injection of PAF \[[@CR87]\]. Several repeated injections of PAFR antagonist BN50739 (day 0 through 2) decreased both IL-1α and TNF-α-induced metastasis as well as control lung metastasis, suggesting the role of endogenous PAF in tumor cell lung colonization. PAF caused an increase in the retention of radiolabeled B16F10 cells in the lungs, suggesting that stimulation of endothelial cell adhesion was the primary mechanism for the observed pro-metastatic effect of PAF \[[@CR87]\].

PAFR transgenic mice exhibited progressive hyperproliferative changes in the epidermis as soon as 2 weeks after birth. The keratinocyte hyperplasia was accompanied by hyperpigmentation and an increase in the number of dermal melanocytes in the ear and tail, with consequent development of melanocytic tumors late in life \[[@CR88], [@CR89]\]. The PAFR transgene expression was detected in keratinocytes but not in melanocytes, suggesting that the progressive recruitment of melanocytes to the dermis was driven by keratinocytes, and possibly by the accumulating fibroblasts and mast cells. In human skin, all these types of cells are indeed known to play a significant role in regulating skin homeostasis and behavior of resident melanocytes, as well as melanoma growth and local malignant invasion \[[@CR10]\].

In human skin, the melanocyte homeostasis and number is tightly controlled by neighboring keratinocytes through an E-cadherin-mediated adhesion \[[@CR10]\]. Essential for melanoma tumorigenesis, keratinocytes and corneal stromal cells secrete PAF in response to UV exposure \[[@CR13], [@CR14], [@CR90]--[@CR92]\]. Keratinocytes express PAF receptors on their surface \[[@CR93]\], and PAF upregulates their COX-2, IL-6, and IL-8 mRNA expression and prostaglandin E~2~ secretion \[[@CR14], [@CR15]\]. Although the incidence of severe sunburns in childhood have been linked to melanoma development later in life, the precise mechanism by which UV contributes to melanomagenesis has not been discovered. This mechanism may involve, at least in part, UV-induced immunosuppression \[[@CR94], [@CR95]\]. Interestingly, Walterscheid et al. \[[@CR15]\] have found that the UVB-induced inflammation in mouse skin and the consequent systemic immunosuppression was abolished by PAFR antagonists. Indeed, Travers's group has demonstrated UVB-induced generation of PAF-like substances in human epidermal keratinocytes \[[@CR13]\]. Furthermore, staphylococcal lipoteichoic acid was also found to inhibit the delayed-type hypersensitivity reactions via direct binding to the platelet-activating factor receptor \[[@CR96]\]. It is therefore possible that PAF and other PAFR agonists are not only important for melanoma cell biology, but that they may play a pivotal role in tumor growth by 'negatively' modulating the immune system and inhibiting Th1 cytotoxic responses.

Further support for the role of PAF receptor in melanoma growth and metastatic dissemination came from the experimental systems utilizing *in vitro* and *in vivo* murine melanoma models. Indeed, it was reported that inhibition of PAF activity by means of overexpressing PAF-acetyl-hydrolase in B16F10 murine melanoma cells led to a significant decrease in tumor vascularization and growth, allowing longer animal survival \[[@CR97]\]. Most recently, Fallani et al. have demonstrated that PAF is being synthesized by B16F10 cells in response to interferon-γ treatment, and that PAF promoted the invasion of these cells through the Matrigel-coated filters \[[@CR98]\]. Moreover, it has been shown that a single intraperitoneal injection of PAF induced expression of MMP-9 and MMP-2 in the mouse lungs, and significantly enhanced B16F10 pulmonary lung metastasis, suggesting an additional, non-tumor-cell mechanism of PAF action \[[@CR99]\]. Authors further showed that selective inhibition of MMP-9, which was expressed by bronchial epithelial cells as well as in the walls of blood vessels after stimulation with PAF, completely prevented B16F10 metastasis, whereas selective inhibition of MMP-2 was insufficient \[[@CR99]\]. Notably, MMP-9 is expressed predominantly by tumor stroma, where it is believed to play a critical role in tumor invasion and extracellular growth factor activation. Indeed, in mouse models of squamous carcinogenesis, MMP- 9 was predominantly found in neutrophils, macrophages, and mast cells, rather than in oncogene-positive neoplastic cells \[[@CR21]\]. In the human melanoma cell line Hs294T, PAFR antagonists were able to prevent adhesion to IL-1-stimulated endothelial cells \[[@CR100]\].

Our *in vivo* experiments showed that the PAF receptor antagonist PCA4248 acts as a potent inhibitor of experimental melanoma human lung metastasis when delivered intravenously before melanoma cell inoculation. Furthermore, daily treatments with PCA4248 inhibited growth of established microscopic tumor cell colonies in the lungs. This indicates that antagonizing PAFR activity could serve as a point of intervention during vascular dissemination or tumor/metastasis outgrowth \[[@CR101]\].

PAF Induces MMP-2 and MT1-MMP in Melanoma in part via Activation of CREB/ATF-1 {#Sec7}
------------------------------------------------------------------------------

Recently, we have examined the role of PAF in human melanoma metastasis and found that PAF receptor was expressed in all cultured melanoma cell lines regardless of their metastatic potential \[[@CR101]\]. In metastatic melanoma cell lines, which are known to overexpress cyclic adenosine monophosphate (cAMP)-response element-binding protein (CREB) and activating transcription factor-1 (ATF-1) transcription factors, PAF induced CREB and ATF-1 phosphorylation as well as secretion and activation of MMP-2 and membrane type 1 (MT1)-MMP via a PAFR-mediated signal transduction mechanism that required pertussis toxin-insensitive Gα~q~ protein and adenylate cyclase activity and was antagonized by a cAMP-dependent protein kinase A (PKA) and p38 mitogen activated protein kinase (MAPK) inhibitors \[[@CR101]\]. Other kinases and transcription factors may be also involved in PAF-induced activation of MMP-2, such as janus kinase-2-Src-STAT-3 regulatory node, as demonstrated in HUVEC cells \[[@CR83], [@CR102]\]. We propose that all melanoma cells, regardless of their metastatic potential, express PAFR and secrete basal levels of MMP-2 and MT1-MMP. However, within the melanoma tumor microenvironment, where melanoma cells come into contact with PAF-secreting cells such as platelets, endothelial cells, and inflammatory cells, PAF will phosphorylate CREB and ATF-1 through the activity of its receptor and a signaling cascade involving p38 MAPK and PKA. This mechanism, as well as other possible regulatory pathways will further result in overexpression and secretion of MMP-2 and MT1-MMP (Fig. [2](#Fig2){ref-type="fig"}). However, since only metastatic melanoma cells overexpress CREB and ATF-1, they are, therefore, better equipped to respond to the effect of PAF within the tumor microenvironment. Fig. 2A model for the stimulation of MMP-2 and MT1-MMP by PAF via activation of CREB/ATF-1. We propose that melanoma cells, regardless of their metastatic potential, express PAFR and secrete basal levels of MMP-2 and MT1-MMP. However, within the melanoma tumor microenvironment, melanoma cells come into contact with platelets, endothelial cells, and inflammatory cells that secrete PAF. PAF, through the activity of its receptor on tumor cells and a signaling cascade involving pertussis-toxin-insensitive Gα~q~ protein, adenylate cyclase, p38 MAPK and PKA, phosphorylates CREB and ATF-1. Activation of this and possibly other signaling mechanisms results in overexpression and secretion of MMP-2 and MT1-MMP. However, since only metastatic melanoma cells overexpress CREB and ATF-1, they are better equipped to respond to the stimulatory effect of PAF within the tumor microenvironment

Conclusion {#Sec8}
==========

It is apparent that interactions between tumor cells and the components of the coagulation and platelet activation pathways is critical for tumor growth and metastatic dissemination. Through the activity of their specific receptors on various types of cells including platelets, endothelial and tumor cells, thrombin and platelet-activating factor promote inflammatory and angiogenic responses, the remodeling of the extracellular matrix as well as the process of vascular dissemination. PAR-1 is overexpressed in metastatic melanoma cells. Its activation by thrombin promotes secretion of adhesion, angiogenic and survival factors into the tumor microenvironment allowing for increased metastatic potential of melanoma. Simultaneously, many inflammatory stimuli can trigger production of PAF by an array of cells, including tumor cells. Activated PAFR causes stimulation of the CREB and ATF-1 transcription factors in melanoma, which in turn increase the secretion of MMP-2 and MT1-MMP. Since metastatic melanoma cells overexpress PAR-1 as well as CREB/ATF-1 downstream of PAFR signaling pathway, we speculate that metastatic melanoma cells are better equipped to respond to inflammatory stimulation from the tumor microenvironment.
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